T oxin-antitoxin systems are found in nearly all bacterial chromosomes 1 , which attests to their importance in cell physiology. Toxin-antitoxin systems are classified as type I if the antitoxin RNA prevents the translation of toxin RNA, type II if the antitoxin protein binds and inhibits the toxin protein and type III if the antitoxin RNA binds and inhibits the protein toxin 2 . Also, a type IV designation has been proposed recently for a toxin-antitoxin system in which the protein antitoxin interferes with binding of the toxin to its target rather than inhibits the toxin via direct toxin-antitoxin binding 3 . Toxins inhibit growth (for example, inhibit translation via mRNA degradation), and antitoxins reduce toxin activity; however, antitoxins are generally labile under various stress conditions, which results in toxin activation 2 . The role of toxin-antitoxin systems in cell physiology, specifically in biofilm formation 4, 5 , persister cell formation 6,7 and the general stress response 8, 9 , is becoming more clear. Notably, mRNA endoRNase toxins are becoming recognized as global regulators that alter gene regulation by cleaving specific mRNAs (termed differential mRNA decay) 10 . For example, upon antibiotic stress, toxin MazF degrades most mRNAs with ACA sequences. However, its activity also results in the preferential synthesis of a subset of small proteins whose mRNAs are not degraded 11 . As these enriched proteins are necessary both for toxicity and for survival 11 , MazF acts as a regulatory factor 12 .
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The toxin motility quorum sensing regulator (MqsR, YgiU/B3022) 4, 13 is also a global regulator 13, 14 and is conserved in 40 eubacteria 13 . Its specific mRNA endoRNase activity leads to enrichment of mRNAs that code for the stress-associated proteins CstA, CspD, RpoS, Dps and HokD 14 . In addition, 14 Escherichia coli mRNA transcripts do not contain the MqsR-preferred GCU cleavage site 15, 16 , and 6 of these (pheL, tnaC, trpL, yciG, ygaQ and ralR) are differentially regulated in biofilms 17 . Another one of these 14 transcripts that lacks GCU sites is yjdO (B4559, renamed here as ghoT for 'toxinproducing ghost cells'); the protein it encodes is conserved in E. coli and Shigella spp. and has not been previously characterized.
As an indicator of its impact on cell physiology through differential mRNA decay, MqsR is the first toxin that, upon inactivation, decreases the formation of persister cells 6 . Persister cells are a small fraction of bacteria that show tolerance to antibiotics without genetic change 18 ; it is believed that they survive antibiotic treatment by becoming metabolically dormant 19 . The crucial regulator of MqsR toxicity, antitoxin MqsA (YgiT/B3021) 20 , is the first antitoxin shown to be a global regulator, as transcription of loci such as rpoS are derepressed upon MqsA degradation during oxidative stress 9, 14 and have critical roles in bacterial cell physiology during stress.
It is well established that endoRNase toxins, including MqsR 6 and RelE 21 , and the kinase HipA 21, 22 inhibit protein synthesis, which is correlated with the formation of persister cells and, in turn, an increase in multidrug tolerance. Moreover, isolated persister cells also show increased transcription of the toxin genes mqsR 23 , relE 21 and mazF 21 . The mechanism (or mechanisms) underlying the increased persistence observed upon expression of these toxins, however, has not been fully characterized. Here we present evidence that the product of one of the transcripts that lacks the primary MqsR GCU site, GhoT, increases persistence and that GhoT-GhoS (YjdO-YjdK) is a new toxin-antitoxin system. We show that toxin GhoT, when produced, leads to both cell death and, in the absence of cell death, an increase in persister cells. Moreover, GhoT-GhoS is to our knowledge the first non-type I chromosomal toxin-antitoxin system that encodes a presumed membrane-lytic protein. Unexpectedly and most interestingly, the antitoxin GhoS does not function like a typical antitoxin, as it is not labile during stress and does not bind DNA to regulate transcription. Because its sequence does not resemble any protein whose structure or function is known, we used biomolecular NMR spectroscopy to determine its three-dimensional structure. GhoS adopts a ferredoxin-like fold that is most similar to that of CRISPR-associated-2 (CAS2) sequence-specific endoRNases. We show that GhoS is a sequencespecific endoRNase that cleaves ghoT mRNA, preventing its translation. Thus, GhoT-GhoS is to our knowledge the first example of a toxin-antitoxin system where the antitoxin protein cleaves the toxin mRNA; we classify this as a type V toxin-antitoxin system.
ReSUlTS

GhoT increases persistence
Initially, we examined the 14 E. coli transcripts that lack GCU sites to determine whether they were related to the ability of MqsR to increase persistence 6 . We investigated the effect of producing MqsR from pCA24N-mqsR in each of the 14 ) to determine whether the ability of MqsR to increase persistence was altered and found that deleting ghoT had one of the greatest effects on MqsR-mediated persistence (Supplementary Table 2 ). In strains where the kanamycin gene replacement might create a polar effect, we removed the resistance gene and retested the strains. In no case could the effects be ascribed to polarity (Supplementary Table 2) . A time-course study further confirmed that deleting ghoT significantly (P < 0.05) reduced MqsR-mediated persistence (27 ± 2-fold reduction) for ΔghoT/pCA24N-mqsR versus BW25113/pCA24N-mqsR) and made the cell behave similarly to the wild-type strain without MqsR production (Fig. 1a) . Corroborating the dependence of MqsR on GhoT to increase persistence, producing GhoT in a ΔghoT strain also increased persistence 48 ± 3-fold to levels seen when MqsR was produced (Fig. 1b) . In fresh LB medium, some of these persister cells revived with a lag time of roughly 4 h, which is comparable to reported values 24 (Fig. 1c) .
GhoT affects the membrane and produces ghost cells
The organization of the ghoST operon and the impact of GhoT on persistence suggested that GhoS and GhoT might be a toxin-antitoxin pair (Supplementary Fig. 1a ). Hence, we tested whether or not GhoT is a toxin. GhoT is predicted to be a small (57 residues), highly hydrophobic protein with two transmembrane domains (residues 7-27 and 37-57) 25 . When GhoT was produced in the wild-type strain, which contains a chromosomal gene for the putative antitoxin GhoS, the turbidity of the culture decreased (Fig. 2a) , and this decrease was due to cell lysis as cell cultures became clear (Fig. 2b) . Corroborating these results, production of GhoT caused 60% of the cells to adopt 'ghost' morphologies as observed using phase contrast microscopy (Fig. 2c) ; ghost cells are dead or dying cells in which the damaged membrane causes the cell poles to appear dense and the center to appear transparent 26 . Therefore, GhoT is a toxin that, when overproduced, lyses cells by disrupting the cell membrane to form ghost cells.
GhoT and GhoS form a toxin-antitoxin pair
Like toxin GhoT, GhoS is also a small protein (98 residues). There are 27 base pairs (bp) between the two genes, which include a putative RBS for ghoT; therefore, ghoS and ghoT are predicted to comprise a single operon, ghoST. Unlike production of GhoT, production of GhoS was not toxic, and it completely counteracted the toxicity of GhoT (Fig. 2a) . Furthermore, production of GhoS with GhoT reduced the formation of ghost cells by a factor of 18, as shown through microscopic observation of ~500 cells (Fig. 2c) , whereas producing GhoS alone did not cause ghost cells to form.
Replacement of antitoxin ghoS with a kanamycin cassette 27 is not lethal, which is most likely a result of the polar effect on downstream ghoT. However, when GhoT was produced via pCA24N-ghoT, deletion of ghoS was lethal as growth was completely inhibited in the ΔghoS mutant but not in the ΔghoT mutant, which has an intact chromosomal copy of ghoS (Fig. 2d) . This growth inhibition from toxin production in the absence of the antitoxin is a typical feature of toxin-antitoxin systems 20 , although polar mutations can mask this effect if the antitoxin gene precedes the toxin gene.
As shown by PCR with reverse transcription (RT-PCR), ghoST form a single operon as they are transcribed together. Specifically, we detected a single band of ~400 bp using a forward primer in the first gene (ghoS-f) and a reverse primer in the second gene (ghoT-r) (Supplementary Table 3 ) using cDNA synthesized from total RNA as the template (Supplementary Fig. 1b) . As a control, we detected the same band using genomic DNA as a template, but this band was not seen using total RNA as a template. Collectively, these results demonstrate that GhoS is an antitoxin, that ghoT and ghoS are transcribed together and that they form a toxinantitoxin system.
GhoS is a proteic monomeric antitoxin
To demonstrate that GhoS functions as a proteic antitoxin, we introduced a stop codon by a single nucleotide change in ghoS DNA encoding Tyr16 and tested its impact on cell growth. We found that the early termination mutation abolished the ability of GhoS to block the toxicity of GhoT for both cell growth ( Fig. 2a) and ghost cell formation. We also found that antitoxin GhoS is not degraded (Supplementary Fig. 2a ) in response to stress 28 , whereas most antitoxins are degraded ( Supplementary Fig. 2b ), and found that GhoS does not bind its own promoter ( Supplementary Fig. 3 ). In addition, size-exclusion chromatography, dynamic light scattering ( Supplementary Fig. 4 ) and biomolecular NMR experiments (described below) demonstrated that GhoS is a monomer in solution. Collectively, these results show that GhoS is a noncanonical antitoxin because it does not regulate its own transcription, is stable and is a monomer in solution.
GhoS adopts a ferredoxin-like fold similar to CAS2
Analysis of the GhoS protein sequence using BLAST revealed that although it is conserved among multiple species of E. coli, it is not similar to any protein whose structure or function is known. Because function is more highly conserved than sequence, we used biomolecular NMR spectroscopy to determine the structure of GhoS and, in turn, gain insights into its biological function. In the sequence-specific backbone assignment, 95 of the expected 96 backbone amide NH pairs (three prolines) are assigned, with the missing residue corresponding to the N-terminal cloning artifact His(−1) (Supplementary Fig. 5 ). A total of 2,479 NOE-derived distance constraints were used for the structure calculation (~25 NOE constraints per residue) using a simulated annealing protocol within the program CYANA [29] [30] [31] and refined in explicit solvent using the program CNS 32 . The GhoS model has excellent stereochemistry (Supplementary Methods), and the r.m.s. deviation about the mean coordinate positions of the backbone atoms for residues 5-95 is 0.36 ± 0.08 Å (20 models in the ensemble; Supplementary Fig. 6a) . NMR and refinement statistics are reported in Supplementary  Table 4 . The three-dimensional GhoS structure consists of three α-helices and five β-strands (Fig. 3a) and is stabilized by two hydrophobic clusters. The central hydrophobic core consists of residues Tyr10, Val12, Phe14, Tyr16, Phe24, Leu27, Met31, Met34, Phe36, Phe55, Ile57, Ile66, Ile70, Leu77, Ile80, Phe82, Leu84 and Ile86 (Supplementary Fig. 6b ). The structure is also stabilized by a second hydrophobic cluster comprising Val11, Val40, Leu50, Ala56, Met87, Val89, Tyr92 and Phe93 (Supplementary Fig. 6c) .
A search for structural homologs of GhoS using the structurebased alignment program DALI 33 identified six proteins with Z scores of 5.8 to 6.3, all of which adopt a ferredoxin-like fold, characterized by a split α-β sandwich (β-α-β-β-α-β; Supplementary Table 5 ). This superfold is highly populated with functionally diverse proteins, such as ribosomal proteins, DNA binding proteins and RNases 34 .
Of the six structures with the best Z scores, only two were of similar size to GhoS: SSO1404 (Protein Data Bank (PDB) code 2I8E, 88 residues; Z score = 6.1) 35 and SSO8090 (PDB code 3EXC, 78 residues; Z score = 5.8). These proteins (and three other family members: TT1823, Z score = 5.6; PF1117, Z score = 5.1; DvuCAS2, Z score = 5.0 (ref. 36)) belong to the CAS2 family. SSO1404 and SSO8090 are sequence-specific endoRNases that preferentially cleave singlestranded RNA 37 . The structures of GhoS and the CAS2 protein SSO1404 monomer (CAS2 proteins are dimers in vitro) overlap well ( Supplementary Figs. 6d,e and 7) . The primary difference between them is the position of β-strand β2. In GhoS, β2 and β2′ form a short two-stranded β-sheet that interacts with the C-terminal α-helix, α3. In contrast, in the CAS2 proteins, β2 projects upwards to form the fourth β-strand of the β-sheet in the ferredoxin fold. Thus, GhoS adopts an atypical ferredoxin fold in which the central β-sheet is made up of three and not four β-strands.
GhoS is an endoRNase that cleaves ghoT mRNA
The sequence identity between GhoS and the CAS2 proteins is low (10-19%) . However, when the structures of SSO1404 and GhoS are superimposed, five of the six SSO1404 catalytic residues are structurally conserved in GhoS (Fig. 3a and Supplementary Fig. 6d,e ; GhoS-SSO1404 conserved residues: Phe14-Tyr9, Asp15-Asp10, Arg26-Arg19, Arg28-Arg31 and Phe55-Phe37). Systematically converting these five GhoS residues to alanines revealed that, in vitro, the R28A, F55A and, to a lesser extent, R26A substitutions reduced the ability of antitoxin GhoS to cleave ghoT mRNA ( Fig. 3b and  Supplementary Fig. 8 ; CD shows all mutants are folded in Fig. 3c) ; this effect was also corroborated for the R28A variant in vivo (Fig. 3d) . Thus, Arg28 seems to be important for GhoS activity.
Because GhoS production is not toxic but instead increases growth (Fig. 2a) , these results suggest that GhoS is a sequencespecific endoRNase. Thus, we investigated whether GhoS cleaves ghoT mRNA. Using quantitative real-time reverse-transcription PCR (qRT-PCR), we found that the ghoT portion of the ghoST transcript in the wild-type strain was 21 ± 2-fold less stable than the ghoS portion of the transcript in the stationary phase (all qRT-PCR data is in Supplementary Table 6 ). Corroborating this result, production of GhoS via pCA24N-ghoS reduced the ghoT portion of the transcript 5 ± 1-fold relative to the empty plasmid. Cleavage by GhoS seems specific because GhoS production had little effect on the transcript level of ompA, ompF, ralR and purA relative to the effects of the empty plasmid (fold changes of −1.1 ± 0.2, 1.2 ± 0.1, −1.7 ± 0.4 and −1.9 ± 0.5, respectively).
In vitro, GhoS cleaved the ghoT portion of the transcript (207 nucleotides (nt), Supplementary Table 7) at multiple sites and generated, after full digestion, fragments of approximately 52 nt, 65 nt, 87 nt, 91 nt and 116 nt ( Fig. 4a and Supplementary Fig. 8 ), whereas there was less degradation of the ghoS portion of the transcript under the same conditions. As expected, heat denaturation of GhoS abolished the ability to cleave the transcripts. We observed very little degradation of the ATP synthase subunit gene atpE and ompA in vitro. Finally, we observed no degradation of: (i) total RNAs in vitro, (ii) 23S and 16S rRNAs in vivo with GhoS and (iii) tRNAs in vitro (Supplementary Fig. 9) .
Using RNA sequencing, we found that GhoS cleaves specifically ghoT mRNA between nt positions 30-31, 51-52, 66-68, 115-116 and 154-155 (positions S1 to S5, respectively; Fig. 4b) . Analysis of the cleaved products identified a putative cleavage site corresponding to
5′-UNNU(A/C)N(A/G)(A/U)A(A/U)-3′ (where N is A, C, G or T).
To corroborate GhoS cleavage at the 51-52 nt site, we altered the ghoT mRNA fragment via mutation m1 (AUAUU to CGCGC at nt 52-56; Fig. 4b ) and found a reduction in overall cleavage and an increase in larger fragments (for example, 87 nt and 124 nt), as would be expected for loss of this site (Fig. 4c) . Additional mutations (m2 at nt 125-128 and m3 at nt 59-64) reduced cleavage as expected given their proximity to cleavage sites 66-68 and 115-116, and the m4 change (at nt 132-137, not near a cleavage site) had little effect because the transcript was completely degraded, as with the wild-type ghoT mRNA (Fig. 4c) .
To investigate the importance of RNA secondary structure on GhoS cleavage, we recovered the stems in secondary structure disrupted by mutations m1 or m2 by the introduction of both mutations into the plasmid carrying single mutant ghoT alleles. The recovery of the cleavage pattern to that of the wild-type ghoT transcript in the double mutant transcript would indicate the importance of RNA secondary structure over sequence recognition in GhoS cleavage, whereas a reduction in cleavage would indicate that sequence recognition is important. We found that the introduction of both m1 and m2 mutations to restore the stem of the predicted secondary structure (Fig. 4d ) generated a unique cleavage pattern distinct from that of the native ghoT mRNA (Fig. 4e) . A reduction of the fragments accumulated owing to the m1 mutation along with an increase in large partially cleaved or uncleaved fragments in the mutant transcript with both m1 and m2 mutations compared to the native transcript suggests the importance of sequence recognition during GhoS cleavage. Therefore, GhoS is a specific RNase that limits translation of toxin GhoT by cleaving ghoT transcripts.
To provide more evidence of the specificity of the RNase activity of GhoS, we analyzed changes in mRNA levels during production of GhoS compared to the strain with an empty plasmid with a DNA microarray so that we could investigate in vivo which of the cell's transcripts may be cleaved by GhoS. Under these conditions, only 20 transcripts had altered mRNA levels, and all were found to be reduced (Supplementary Table 9 ); there were no induced genes. These genes, which were downregulated as a result of GhoS production, were all involved in the biosynthesis and transport of purines and pyrimidines. These results suggest that GhoS selectively cleaves only a few cellular targets.
To further corroborate the findings in the DNA microarray, we performed qRT-PCR with seven genes (purM, purH, purE, pyrI, pyrB, carA and carB), with total RNA isolated under the same culture conditions used in the DNA microarray experiment. In each case, the qRT-PCR results showed a decreased RNA abundance upon GhoS production, which matched the microarray results (Supplementary Table 9 ). Although ghoT expression was unaltered in the microarray analysis, qRT-PCR performed with duplicate samples on three independent occasions showed that ghoT expression was decreased by at least a factor of three upon production of GhoS.
GhoT increases early biofilm formation
Because toxin-antitoxin systems affect biofilm formation 4,5 and as we identified mqsR as one of the highly regulated genes in E. coli biofilm cells when compared to planktonic cells 4 , we investigated the impact of GhoT-GhoS on biofilm formation. Deletion of ghoT decreased biofilm formation at 8 h in LB medium at 30 °C (factor of 4.6) and 37 °C (factor of 4.9), whereas deletion of ghoS increased biofilm formation significantly (P < 0.05) (up to 6.1-fold) at 30 °C and 37 °C at 8 h (Supplementary Fig. 10a) . Swimming motility was also slightly reduced when ghoT was deleted, whereas Fig. 10b ). These results show that GhoS and GhoT affect early biofilm formation and swimming motility.
DISCUSSION
Collectively, our results strongly support that GhoT-GhoS forms a new type V toxin-antitoxin pair. These results are: (i) both proteins are small; (ii) the genes form an operon (ghoST) as they are transcribed together and there are only 27 bp between the coding regions of the two genes; (iii) GhoT functions as a presumed membrane toxin that not only stops growth but also, in high concentrations, lyses cells; (iv) GhoS blocks GhoT-mediated toxicity by specifically cleaving ghoT transcripts at 5′-UNNU(A/C) N(A/G)(A/U)A(A/U)-3′ sites and preventing its translation; and (v) deletion of antitoxin GhoS in the presence of GhoT is lethal. As a new toxin-antitoxin system, GhoT is to our knowledge the first chromosomal membrane-damaging protein to be neutralized by a protein antitoxin (as compared to the toxin TisB, which damages membranes as a type I toxin-antitoxin system 38 ). GhoS is also to our knowledge the first antitoxin to inhibit a toxin by cleaving its mRNA; hence, it creates a new paradigm for toxin-antitoxin systems (we propose the type V designation). Furthermore, the GhoT-GhoS toxin-antitoxin system is unique in that antitoxin GhoS is not proteolytically degraded during stress, and GhoS is unusual in that it does not bind its putative promoter region. For comparison, the antitoxin of the ζ-ε toxin-antitoxin system from plasmid pSM19035 also has no role in transcriptional control, but instead the toxin-antitoxin operon is repressed by a global regulator ω encoded by a gene within the same operon 39 ; however, no such regulator for GhoT-GhoS has been identified. Also, the genomic mazEF operon of Staphylococcus aureus is not autoregulated by the antitoxin but is instead regulated by an alternative sigma factor encoded by a gene downstream of the mazEF operon 40 . These examples illustrate the diversity of toxin-antitoxin systems in terms of function and regulation.
Our central model for the genetic basis of persister cell formation is that toxin-antitoxin pairs have a primary role because toxin activity induces a state of dormancy 41, 42 . This, in turn, allows cells to escape the effects of antibiotics. Here we identify a new toxin, GhoT, that increases persistence by damaging the cell membrane. The precise mechanism by which GhoT leads to the loss of membrane integrity while rendering the cells dormant (viable) in the presence of ampicillin is currently unclear but possibly involves proton pumps or interaction with other membrane proteins, among other possibilities. Because MqsR reduces the production of virtually all proteins, including OmpA and OmpF, which results in the enrichment of the small transmembrane protein GhoT, it is possible that MqsR increases persistence through the tight control of outer membrane and inner membrane permeability. Another transmembrane peptide, TisB, has been recently shown to increase persistence by decreasing the proton motive force and amount of ATP in the cell, thus leading to the formation of dormant cells upon anti biotic stress 7 . Similar to production of GhoT, production of TisB also leads to cell death by damaging the inner membrane 38 . Collectively, these findings show that certain transmembrane proteins are stress-response elements that are actively involved in persistence.
GhoT resembles the Hok toxin of type I toxin-antitoxin pair Hok-Sok from plasmid R1 (refs. 43,44) . Five other hok homologous loci have been identified in the E. coli K-12 genome: hokA, hokB, hokC, hokD and hokE. However, all of them seem to be inactivated by various mutations, including insertion element transposition or point mutations 45 . Hok uses postsegregational killing to stabilize the R1 plasmid 43 , but the role of Hok-like toxins as chromosomal loci remains unclear. Also, the link between toxin-antitoxin systems and cell death is controversial 10 . Here, we show that GhoT encodes a putative membrane-damaging protein that, in turn, causes persistence at low doses and cell death at high doses. However, it currently is not clear whether the production of GhoT leads to programmed cell death; that is, perturbing the bacterial membrane by increasing cellular GhoT may be an initial requisite to induce persistence because it causes loss of membrane potential (cell death is not required and may be an artifact of high ghoT expression).
Although speculative, our results on this new toxin-antitoxin system have several implications for bacterial cell physiology. The first is that the MqsR-MqsA toxin-antitoxin system may control persistence through differential mRNA decay via the GhoT-GhoS toxinantitoxin system, which would indicate that toxin-antitoxin systems can regulate one another. If ghoS mRNA is preferentially cleaved over ghoT by MqsR under MqsR-activating conditions, GhoT translated from the enriched ghoT RNA would subsequently lead to the formation of ghost cells as well as higher persistence. This delicate control between the two toxin-antitoxin systems requires additional detailed investigation. Furthermore, the close relationship between GhoS and the CAS2 CRISPR system suggests that this type of specific RNA cleavage is a general and powerful post-transcriptional approach that has evolved for several purposes in the cell, from controlling cell growth to preventing phage attack. There are suggestions that such systems are global. A report of a similar endoRNase VapD from Helicobacter pylori 46 , also found in a two-gene operon and also related to CAS2 protein SSO1404, concluded that the RNase was not an antitoxin. However, reinterpreting those data in light of our results suggests that it might be a more parsimonious explanation for the RNase to be the antitoxin, suggesting that similar type V toxin-antitoxin systems may be found elsewhere. As a result, toxin-antitoxin systems are even more complex and diverse in their regulator roles.
MeTHODS
Persister cell formation assay. Persister cell measurements were performed as described 6 with slight modifications. To determine the number of persister cells in the presence of MqsR, we introduced pCA24N-mqsR into 14 isogenic single-gene knockouts (Supplementary Table 2) . Overnight cultures of these cells were inoculated into LB medium with chloramphenicol at an initial turbidity at 600 nm of 0.05 and were grown for 2.5 h. To induce mqsR, we added 1 mM IPTG for 2 h. Cells were washed with 0.85% (w/v) NaCl, and the turbidity was adjusted to 1. After exposure to 100 μg ml −1 ampicillin for 2 h, cells were serially diluted in 0.85% (w/v) NaCl solution and applied as 10-μl drops to LB plates with chloramphenicol to determine persister cell number 47 . To further evaluate the effect of removing ghoT on the formation of persister cells via MqsR, we extended the exposure of 100 μg ml −1 ampicillin to up to 6 h for BW25113/pCA24N, BW25113/pCA24N-mqsR and ΔghoT/pCA24N-mqsR and for ΔghoT/pCA24N-ghoT and ΔghoT/pCA24N. Three independent cultures were used.
Toxicity assay. Overnight cultures of strains producing GhoT via pCA24N-ghoT, GhoS via pBS(Kan)-ghoS and variant GhoSX (truncated GhoS with a stop codon introduced at Tyr16) via pBS(Kan)-ghoSX were inoculated into 25 ml of LB medium with kanamycin and chloramphenicol (to maintain both plasmids) to an initial turbidity at 600 nm of ~0.1 with 0.5 mM IPTG, and the turbidity was recorded to determine growth. Three independent cultures were used.
Microscopy.
To observe ghost cells, we diluted overnight cultures of BW25113/pCA24N-ghoT/pBS(Kan) and BW25113/pCA24N-ghoT/pBS(Kan)-ghoS to a turbidity of 0.05 at 600 nm and grew them to a turbidity of 0.1, and then 0.5 mM IPTG was added to induce ghoT and ghoS. Cells were collected after 8 h, washed and resuspended in 0.85% (w/v) NaCl. Cells were then visualized with light microscopy (Zeiss Axiophot) using an oil immersion objective (63×).
RT-PCR and qRT-PCR.
To determine whether ghoS and ghoT are cotranscribed, we performed RT-PCR 15 . Total RNA was isolated 4 from BW25113 grown at 37 °C during the exponential phase (turbidity was 0.5) with RNAlater (Applied Biosystems). cDNA was synthesized from total RNA with reverse transcriptase (Promega) and random hexamer primers (Invitrogen) 4 . Standard PCR was performed with Pfu DNA polymerase using 50 ng of cDNA as template and with primer pair ghoS-f and ghoT-r and primer pair ghoS-f and ghoS-r (Supplementary Table 3 ). Total RNA and genomic DNA (~50 ng) were also used as templates for negative and positive controls, respectively.
For qRT-PCR, 50 ng of total RNA was used in each reaction using the Power SYBR Green RNA-to-C T 1-Step Kit and the StepOne Real-Time PCR System (Applied Biosystems). Primers were annealed at 60 °C, and rrsG 9 expression was used to normalize the data.
Site-directed mutagenesis. Site-directed mutagenesis 9 was used to introduce a stop codon into the coding region of ghoS in pBS(Kan)-ghoS using primer pair GhoS-X-f and GhoS-X-r (Supplementary Table 3) . DNA sequencing using the BigDye Terminator Cycle Sequencing kit was performed to confirm the targeted mutations at these sites.
Crystal violet biofilm assay. Biofilm formation was assayed in 96-well polystyrene plates using 0.1% (w/v) crystal violet staining 48 . Briefly, overnight cultures of the wild-type, ΔghoS and ΔghoT strains were inoculated at an initial turbidity at 600 nm of 0.05 and grown without shaking for 8 h and 24 h in LB medium. Biofilm formation was normalized by the bacterial growth for each strain (turbidity at 620 nm), and two independent cultures were used for each strain.
Swimming motility assay. Cell motility was examined as described previously on low-salt soft agar plates (1% (w/v) tryptone, 0.25% (w/v) NaCl and 0.3% (w/v) agar), in which the wild-type BW25113 is motile
